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I. INTRODUCTION

The chemical nature of the reactions of nitration of saturated hydrocarbore J
and of side chains of aryl paraffins proved to be the same, thus permitting
these reuactions o be consolidated under the common term "nitration of the

paraffin chain” and to be distinguished from the nitration of the aromatic ‘
nucleus.

. It is well known that nitration of aromatic hydrocarbons proceeds very
e easily and swoothly, Undoubtedly this circumstance enabled the discovery of
this reaction in 1834 by Mitscherlich soon after benzene became known to chemists.

The nitration of the paraffin chain is entirely different. For a long time
' attempl. to accomplish this reaction were unsuccessful. Not until 50 years
| after Hitscherlich, did Konovalov (in 1888) find the well-known classical method
\ of nitrating paraffin chains. This method consists of heating the hydrocarbon
i ' ' with dilute nitric acid in a sealed tube. Since then, investigation of the
A nitration of the paraffin chain has become & traditional line of work with
s o Russian organic chemists. The fundamental work of M, I. Konovalov, V. V.
Markovnikov, and S. S.. Nametkin brilliantly answered many questions on the
nitration of the paraffin chain for a variety of problems in classical organic

chemistry and laid the sroundwork for future developuent in this field. ’ !
i
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In the past, the investigation of the nitration of the paraffin chain
was burdened with exceptionally great difficulties due to the necessity of
carrying out the work in tens and hundreds of secaled tubes, the nonuniformity
of the reaction product, frequent preponderance of oxidation products, and,
as a rule, & very slow rate of resction.

Because the conditions required for successful nitration do not lend
themselves to satisfactory estimation, there were sharp diversities in results
not only among various authors , but also for the same worker. Thus, M. I. Konova-
lov was successful in obtaining phenylnitromethene in good yield by heating
toluene with nitrie acid of s.g. 1.12 over s period of 48 hours on & water
bath. Hantzsch, Holleman, and Van-Raalte fr‘:/_ , nitreting toleune in the side
chain independently of each other, did not detect the formation of phenyl-
nitromethane at all or obtained only a few drops of it. Shorygin 2] similarly
was unsuccessful in obtaining satisfactory yields [Sf this product; erd his
attempts at clarifying the reasons for his failure were 2lso unsuccessful.
Konovalov [3_7 noted the strong fluctuation in yields of nitrocompounds; for
example, tle best results were obteined in “ubes having 2 high pressure or by
reusing previously used nitric acid.

In recent times a number of new methods for nitrating the paraffin chair'{
have been discovered and new ways in which this reaction may proceed clarified.

Shorgyin and Topchiyev were the first to accomplish nitration of the
paraffin chain in the gaseocus phase 1_’5‘, 57; they were followed by Urbansky and
Slon [6, 17 and by Hass and co-workers /8:. These investigations led to the
development of a method of high-teiperature nitration of the simplest paraffins
using nitric acid in the vapor phase. Titov [:)] published o series of new
methods of nitration using nitrogen dioxide and concentrated nitric acid. As a
result of Titov's investigations, ways of modifying and improving earlier methods
wvere found, and a study of new directions in which this reaction may proceed was
cerried out. Nitroparaffins are becoming industrial products and their utiliza-
tion in various phases of technology receives much attention ﬁ] All of this
makes 1t necessary to clarify the essence of the nitration o. the paiaffin chain
and thus acquire the ability to control all possible directions of this reaction.
The author of the present report hopes - and experiment thus far supports this
hope - that the theory being developed by him is correct and that it sets the
course for the solution of this problem.

ITI. CONCEPTS OF MECHANISM OF REACTION
DEVELOPED OVER PERIOD 1935 - 1945

Concepts in regard to the nature of the nitration of the paraffin chain
developed during the period 1935 - 1945 usually failed to account for the
complexity of this recction and its peculiarities. Until the publieation of
our work and even after its publication, the conviction existed that the mecha-
nism of the nitration procecs could be satisfactorily represented as an orcinary
double decomposition reaction:

R-H 4 HO-NO, = R-NO,4 H-OH (1)

Thus, as late as 1042 Feiser maintained that "in the nitration of alkanes (accord-
ing to Konovalov ani Markoviikov) using dilute nitric azcid and {n the nitration
of the side chain of toluene under the seme conditions, substitution of this type
undoubtedly takes ,.lace" 10/,
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Ingold Eg At one time considered nitration of the paraffin chain as an
organic reaction whizh proceeds according to the bimolecular type of electro-
phyllic substitution S,2. He adopted the same mechanism for the nitration of
the aromatic ring and Ii:n»r that of pareffinic chains and expressed it by a
scheme analogous to (1), indicating the fate of the valence electrons of the
ruptured bonds more preciselys

R:H 4 HOANO,—# R:NO, 4 HEM (2)

This view on the nature of nitration was generally accepted by the
English chemical school and also among many American cherists (Remick /T2_7
and others) . Robinson ﬁi/ advocated a complex reaction mechanism inv'c-:'lving
participation of the quinoid fomm in the nitration of the side chain of aryl
paraffins, but this hypothesis was not upheld experirentally.

Usanovich [i"_t7 » striving to explain why nitric acid must be diluted in the !
Konovalov nitration, advanced a hypothesis which assumes preliminary combination
of & hydrocarbon complex with a nitrate ion:

R-CH,+ nog F2 RCH, o, (OH”) (3)

folloved by the formation of & nitrocompourd upon reaction with an oxonium
cation.

RCH,NO,(OH ™)+ H_O+—»RCH,NO,, + 2H,0 (%)

3
Until recently, Huckel share’ understanding of the nitration of the paraffin

chain in the sense of scheme (1). Being unawere of owr work ur au any rate

not referring to it, he expressed some doubts os to the correctness of the

traditional theory only in his last papers ,_’J—.ﬂ

In 1938, after the appearance of our work, McCleery and Degering /67 oro-
posed & chain mechanism involving participation of free radicals for the vapor
rhase nitration at high temperatures:

HONO, heat 3 Ho*4 mO, (5)
R-H 4 HO: = R* o 11,0 (6)
R* 4 HONO,—3 R-NO, 4 HO® etc. (7N

According to this hypothesis, thermnl decomposition of nitric acid initiates

the formation of free hydroxyls (ecuation 5),which collide with hydrocarbons

and form R*. Interaction of the rsdical with nitrie asid yields nitrocompounds,
at the same time regencrating free hydroxyls and thus continuing the reaction
cycle.

The error of these and similar hypotheses is novw indisputably proved by
experimental investigatlon, rartly by discovering the absence of any reaction
between nitric acid as such and the paraffin chain ﬁz/. In these same in-
vestigations it vas established that nitration of the paraffin chain proceeds,
as & rule, through a preliminary reaction of the hydrocarbon and a moncmer of
nitrogen dioxide NO,. Some exceptions to this rule will be discussed later.

The central point of the raraffin chain nitration theory developed by the
author is the assumption that the Tirst elementary stape of the reaction is the
formation of a free alkyl radical. As & rule, this occurs vhen a hydrocarbon
collides with an electrovhyllic and redical-like molecule of +the monomer of

nitrogen dioxide NO,: -
R-H 4 NO, —3 R* + ENO, (8)

<
-3 -

CONFIDENTIAL

B Sanitized Copy Approved for Release 2011/09/14 : CIA-RDPS0-00809A000700120384-1




r o

CONFIDENTIAL

Conversion of the alkyl radical in the sphere of the reaction leads to the complex
mixture of products observed; for example, the formation of nitrocomrounds comes
gbout by way of a combination of alkyl with NO,s

Re4+ NO, — R-NO, . (9)

This theory permitted & rational explanation of the data accwmuleted by
earlier workers and, what is cven rore importont, led to the discovery of many
new chemical phenomena in this field and of directions of the reaction which
were unexpected from the old point of view.

After we had experinentolly clarified the role of WO as & catalyst, we
discovered that the idea to the effect that lower oxygen compourds of nitrogen
play the part of a catalyst in the nitration with nitric acid was not altogether
foreign to earlier investigators.- In 1871 Mills essed this idea while
investigating the nitration of chloroform. A nu servations led Konovelov
to the thought that "nitrons acid promotes nitration (or, perhaps, the start of
nitration)." This thought was expressed ty Korovalov [‘17, BQ tn 1893 and in
1901. Apparently, unfavorable results of some of the u?cpertr;.-nts and asccidental
circumstances precluded this idea from having an influerce on the basic line of
research and on the theoretical views of Konovalov. In his last paper, he arrived
at the conclusion that no nitration catalysts have tcen found in the case of
nitric acid, and that the scarch for them is e problem for Tuture investigation@.
In 1914, Nametkin [5’57 pointed out the imgortance of elarifying the role of
nitrous acid to understand the mechanism of the ection of nitric acid on saturated
conmpounds .

The author started the study of the nitration of the paraffin chain by
studying the reaction between nitrogen dioxide and toluene _&_3_7 The first to
observe a reaction between the oxides of nitrogen and a rareffin was Markov-
nikov in the case of octanaphthene ;24/. He discovered, as he briofly stated,
"the formation of compounds containing nitrogen ir sz cxidized form'. In 1919 -
1921, Granacher obtained & mixture of carboxylic acids by the action of nitrogen
dioxide on paraffin and undecane [2_27 Schaarschnidt's iuvestigation of this
reaction [2% did not yield any results of value. Using toluene, he was able
to isolate benzeldehyde, benzoic acid, and, as he fipuged, nitrocresols ard
nitrotoluenes. Working with m-xylene and uesitylen: /277, Gchoarschunidt observed
only the formation of resinous products (compare pa The investigations of
Monty, Martello, and Franco /23/ on the action ol n! v dioxide on diphenyl-
methane did not yield any results (compare pa ' and Jonson, checking
the effect of sunlight anl light frim a mercury-. ; on the reaction o
toluene with nitrogen dioxide, detected only the lornuticon of benzolc acid ég—/

S oniirocen dioxide on toluene

uoiution of the dimer of
he roaction

The first problem in the study of the acztio:n
vas clarification of the effect of the degree of
nitrogen dioxide (sce cquution 10) on the course of

1,0, T 2RO, (10)

and the consequent appearance of a specific chemical —[Fect vroduced by the
monomeric form of nitrogen dioxide, i.e., by a rerticle with an wnpaired electron[’é'?]

With this ainm the experiment was mude of rexc® ilis nlirogern Gtoxide with toluene
at a very high dilution of the nitrogen dioxide with the hydrocarbon. Culte wi-
expectedly, the main product of the reaction was rhenyldinitrorethane CBHSC}(M%’)E .
Previously, this compound was not detected in the nitration of toluene, rot-
withstanding numerous investigations of this proces At & low dilution of nitro-
gen dioxide (1:2) the reaction led prineipally to the formation of benzole acid.

1
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Contrary to the ususl rule, raising the temperature in the case of high dilution
lovwered the yleld of phenyldinitromethane. It was also found that sunlight

and light from & mercury-vapor lamp do not greatly affect the direction of the
reaction. The author expressed the thought that this line of investigation

can be helpful in clarifying many questions concerning Knonovalov's reacticn,
il.e., the nitration of the paraffinic chain with nitric acid.

At the time this investigation was going on, the work of Shorygin and
Topchiyev was published [ﬁ . This was a study of the reaction between toluene
and an excess of nitrogen dioxide in the gaseous phase. In addition to the
presence of the main reaction product - a mixture of nitrotoluenes - the
authors established the formation of phenylnitromethane. The investigators
assumed that phenylnitromethane is formed by addition of the dimer of nitrogen
dioxide to the semicyclic double bond of the orthoquinoil form of toluene
with a subsequent splitting off ¢. nitric ac!d from the addition product.

They also proved that nitroderivatives of cyclohexane and n-hexane form under
analogous conditions. Illumination with a wercury-vapor lamp had no effect on
the reaction, according to the data of these authors. Urbansky and Slon,
carrying out the reaction according to the Shorygin-Topchiyev method at 200°,
obtained nitroderivatives of some other paraffins /6, 7/.

In his next work, the author of the present paper has shown that the
activity of nitrogen dioxide in the reaction with the paraffinic chain of
- toluene strongly increases with an increase in the degree of dissociation of
4 the dimer Ny0) to the monomeric melecule NOo 1307 Thus, when & mixture of
S 11 g of nitrogeh dioxide and 25 g of toluene was left standing for a period
of 6 days et 25-30°, the proportion of the nitrogen dioxide entering the reac-
tion was about 28%. By increasing the amount of toluene to 500 g, this pro-
portion was raised to 85%. The yleld of phenylrnitromethune in the first case
was less thean one g, and in the second cese, with a greater dilution of nitrogen
dioxide, it reached almost 8 g.

Io this work, the idea was first advanced thet the beginning stage of the
reaction between oxides of nitrogen and toluene, which determines the rate of
formation of the end products, is the formation of the free benzyl radical
CgH Cﬂe on collision of a hydrocarben melecule with a moncmer of niltrogen

. dioxide
CgHsCHy -H + NOp —HCgHisCH, . + Hli0, (11) -
The formation of phenylnitromethane, according to this work, takes place -
through the union of a free benzyl radical with NO2 e
06}{50112- + NOE—)(:éHSCHE-HoZ (12)

In support of the latter conclusion, the fact of the rapid combination of a

T wonomer of nitrogen dioxide with a free triphenylmethyl radicel and the forma-

S % tion of nitromethane on electrolysis of a soluticn or w mixture of actate and

- nitrate was mentloned. For this reacticn, the author suggested the following ‘
probable mechanism btack in 1§31 [3&7:

N : CH €00 ™ e—+CH,C00 —3CH3" + CCg (13)

(e - electron, the dot - an unpaired electron or a Iree valency)

NO5—~—e—#07N-0—>07K=0 (14)
re
. CHye 4 NOg=ICH;NO, (15)
-5 .
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A support for the assumption 'tba.t‘there is formation of free radicals
during the reaction of nitrogen dioxide with hydrocarbons ie furnished by the
fact that the author cbserved great increase in the reaction rate in the series
toluene, diphenylmethane, triphenylmethane parallel to increasing ease of
fermation of the corresponding radicals. Together with the above-stated manner
of the formation of phenylnitroéethane, a chain reaction mechanism involving
& dimer of Naoh was also considered to be probable:

R+ Np0y—RNOp + NGE; R-H 4 N0z —pR- etc. (16)

In that paper /31/ a mechanism for the formation of phenyldinitromethane
vas also proposed, The validity of this mechanism was fully confirmed later.

The results of the investigation vere utilized for the preliminary explana-
tlon of the characteristics of the nitration of saturated hydrocerbons and side
chaius of alkylbenzenes with nitric acid. It was postulated thst the active
ageat in this reaction is the monomeric form of nitrogen dioxile, reacting by
equationz of the types (1l) and (12). KNitric acid, according to this interpre-
tation, is merely a medium for the regeneration of N02 in a reaction with the
nitrous acid that arises in the first stage

R-E 4 NOp—pR* + HNO, (a7
ENO, + ENOy#=% 20, + Ej0

or by reaction.with nitric oxide which forms copiously during the various side
processes of oxidation

NO + 2ENO, ¢=!3x02+- B0 (18)

These reactions lead to a progressive growth in the concentration of nitrogen
dioxide and nitric oxide in the hydrocarbon lmyer. This is favored by car-
rying out the reaction in hermetically sealed apparatus such as the sealed
tubes of Konovalov's method. Therefore, in the final enalyeis, nitration with
nitric ecid must have the same results as that with oxides of nitrogen under
corresponding conditions.

To prove these conclusions, the investigation of the action of nitric
acid on toluene under conditions theoretically favorable for the formation of
phenyldinitromethane (these conditions will be described in more detail below)
was undertaken. Experiment confirmed theoreticel conclusions - at a relatively
high concentration of nitric oxide, phenyldinitromethane was the main reaction
product. For example, the reaction in a mixture of 100 milliliter nitric acid
sg 1.42, 50 g anhydrous calcium nitrate and an excess of toluene left standing
for a period of 20 days led to the formation of 21 g phenyldinitromethane, 9 g 4
phenylnitromethane, 5 g benzaldehyde, and 38 g of residusl oil that has not
been examined further. The high concentration of nitric oxide in this erjeri-
nment was manifested by the green color of the hydrocarbop lasyer in which the
reaction took place. This was also when the first observations on the great {
part that diffusion plays in the nitration of the paraffinic chain with nitric
acid vere made.

III. PRINCIPAL POSTULATES OF THEORY
OF NITRATION OF PARAFFIN CHAIN

The stated results served as a basis for broad experimental research on
the nitration of the paraffin chain with oxides of nitrogen as well as with
nitriec acid and led to the formulation of a genmeral theory for this reaction,
The most important -.nclusions of the investigations are formulated in the

following statements /327,

-6 - i
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1. Nitric acid molecules do not have an independent nitrating effect on ol
the paraffir chain, In the reaction of nitration, nitric acid is merely a
gource and medium for the progressive regeneration of oxides of nitrogen.

2. 'The moncmer of nitrogen dioxide serves as the a-tive chemical agent

in the nitration of the paraffin chain. This monomer is an electrcphyllic
molecule of the radical type.

3. The 1initial elementary stage of the nitration of the paratfin
is tke interaction between the monomer of nitrogen dicxide and the original
organic compound, bringing atout the formation of a free redical.

R-H + NO,— R + ENO, (19)

L. In the sphere of the nitration, the alkyl radical R- thus formed reacts
with radical-like forms of the oxide and the dioxide of nitrogen with the for-
mation of nitroso compounds, alkyl nitrites, and nitro compounds:

R + NO— RNC (20)
N _AR-0-N0 (21)
+ 2,
R-NO,, (22) |

5. At very high relative concentrations, other active components of the
reaction system (i.e., NEOL, N205’ HONOE, 02, etc.) can enter the reaction:

—YR-0-NO + do, (23)
R- + NO :

- Y™SNR-0-Nop 1O (2k)
R* + NyOg=— R-0NO,+ HO, (25)
R+ 4 0=0 — R-0-0 (26)
R + HONOZ—R-OH+ NO_ (27)

6. The formation of various other end products of the reaction depends on
chemical transformations taking place under conditions Zuvorable for the nitration
of nitrosc compounds R-NO, nitrous esters R-O-NO, alkyl nitrates RONO_, alenhals
R-OH, and to a lesser extent, of nitro compounds R-NJ,. 2

7. Peculiarities of the nitration of the puraffin ¢ !iain with nitric acid
are determined for the most part by the position of the .quilibrium

2HEO A4 NOE=RIND, + H U (28)

and by factors which deteraine the establishment or this equilibrium ln the
spheoac f the reaction

We will now move on to & systematic Jjustification of these basic conditions
for *“he theory of nitration of paraffin chain ad spply this tlz2ory to explain
results known earlier, as well as newly ..scovered phenomens in this field - also
in order to develcy smethods for obtaining diflerent preducts. We will first
explain and app.y statements 1, 2, and 3 in the section which follows,
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IV. THE FIRST STAGE OF NITRATION OF PARAFFIN CHAIN E

As proof of the chemical passivity of nitric acid toward the paraffin
chain, experiments vere made on the reaction between nitric acid and various
hydrocarbons both in the presence and in the absence of oxides of nitrogen.
The experiments were carried out under the most varied conditions [32/: at
normal and elevated temperatures; with dilute and concentrated nitric acid
(up to sg 1.42); in open vessels and in Konovalov's sealed tubes [5}7; in
heterogeneous and homogeneous 1iquid media /34/, and in the gaseous phase /327.
It geveloped that in the absence of oxides of nitrogen at temperatures up to
150%, nitric acid of sg up to 1.4 practicelly did not react at all with a-
paraffins, isoparaffins, saturated cycloparaffins, nor with the side chain of

alk{l benzenes. In the latter case, nitratlon took place only in the aromatic
nucleus .

In nitration experiments with nitric acid at nigher temperatures or in
cases when highly concentrated acid was used, the reaction proceeded to a
greater or lesser extent. In some cases this could have been due to the im-
posslbility of eliminating the formation of nitrogen oxides; in other cases,
vhere anhydrous acid was used or where the nitration was carrfed out at still
higher temperature, other active agents (N0, N.U- and others) could origirate
in the sphere of the reaction and these ageﬁts éré capuble of reucting with
the paraffin chain.

The passivity of paraffins to nitric acid and nitrating mixtures, and
therefore to the nitronium cation (oiﬁ:o) contuined in them, can be explained
by first considering the electron structure and chemicul characteristics of
saturated hydrocarbons., Parafflns have only homopolar bonds C-C and C-H, which
bave a very low polarity. Therefere, similarly tc hydrogen molecules, they
ar¢ not cepable of undergoing reactions of the ion-complex type. In spite of
their potential nucleophilic nature, paraffins @3 not form stuble complexes with
prctonic and aprotonic acids. For example, they do not disseclve in liquid
hydrogen fluoride, do not yield molecular compounds with polynitro derivatives,
anc, are not mercurated by mercury salts, differing in these respects from olefins
and aromatic hydrocarbons. For paraffins, typicul chemical reactions are those
with .~eagents containing unpaired electrons, e.g., with halogen atoms during
helogenation or with various radicals during oxidation and cracking processes.
In all these cases, the action of the reagent is dirzcted only towards the
peripheral hydroger atoms and not towards the shielded and coordination-saturated
carbon atoms. This permits us to understand why purafiins do not react with
nitric acid or with the nitronium cation by the followlng schemes:

AR Rqf-t
(2) R—=>C-H 4 HONO~— ~! " pR-C-NO., 4 H.C (29)
v a Lo 3 A 2
R 02n UH
RyG-CR.
(b) R-C-CR. 4 HONO~—— 71 1—=23R.C-NO_+ R,COH (30)
3 2 3 2
3 02“ 5a 2 3
. RO,
(c) RoC-H 4 [ﬁoz_/imacf BNCL el 4 HMO, (31)
- —3 . 2

Schemes (a) and (b) vere suggested by several authors as mechanisms for
the nitration of the paraffin chain /347,
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To prove that the nitration of the paraffin chain proceeds according
to ti-r stated conditions under preliminary interaction with the monomer of
nitrogen dioxide and under conditions of chemical passivity of other coumon
oxides of nitrogen, various experimental data were utilized. As already
stated, parallel experiments on the interaction of the same quantity of
nitrogen dioxide with different amounts of toluene showed that the yileld of
reaction products increases when the dioxide is diluted (see page 5). Changes
in the yleld of reaction products agreed favorably with the suggestion that
all of the products of nitration form through an initial interaction of the
hydro-carbon R-H with NOQ in accordance with the equation:

RE ok ffo] - KV B0, T (32)
at

in which ky 1is the equilibrium constant for the dissociation of N0, -

These results also proved the chemical pussivity or the nitrogen dioxide
dimer towards the paraffin chain.

The absence of any chemical interaction between the paraffin -hain and
nitric oxide and NoO4 became known from the results of parallel experiments
on nitrating with ni%rogen dioxide saturated with nitric wuxide and with
nitrogen dioxide in the ebsence on NO. In accordance with the thecry, satura-
tion with nitric oxide and the subsequent reaction KO 4 N02;==1N203 lovered
the concentration of NOj & great deel and therefure the yield of the products
was greatly reduced / 32/. That the nitration of the paralfin chain proceeds
through e preliminary interaction with N0, is also evident rrom the fact that
the reaction takes place readily at high %emperatures at conditicns of full
dlssociation of NQOh and N203.

Proofs that nitric acid is chemically inert toward the paraftin che'a
have been stated above, It was demonstrated that nitration with nitric acid
takes place only in the presence of oxides of nitrogen at s rate proportional
to the quantity of the latter. This kind of nitration gave u product ot the
same composition as did the interaction of the hydrucarbul = lh 1itrogen
dioxide alone, as seen, for example, in the case of the product of the reaction
with toluene at 100° (see Table 1) [357. Anslegeus data were ottained in
various other cases. From this it follows that nitrution with nitric acid
under these conditions takes place solely through the preliminary reaction with
NCp. Nitrogen dioxide serves as a tramsmitter oo the nitrating action of
nitric acid under circumvention of the high energy varrier whicn would have
to be surmounted in the direct reaction of nitric acid with the paraffin chain.

To prove that the resction between NO2 and the parafrin shair tales place
according to the scheme

R-if 4 Nu, ——sR* 4 NG, (33)

with the formation of redicals, the chemical neture or the nitrogen dioxide
monomer should [irst be clarified.

According to Lewis and Langmuir, the electrenic structure of NOp may be
expressed as follows:
0
P —
N7
N

1<l
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in which the dot represents a single electron and the dashes represent pairs .«m
of electrons that are either shared or are found in the shell of ope atom,

Noting the conjugation of the single electron with the wobile p-electrons,

the structure of Noa may be expressed more accurately by the following formula:

TN
\o-v=0f (34)

Denoting thce electronsparticipating in the conjugation us} and? under indication
of thelr spins, formula (34) may be expressed as follows:

I&?J=g| (35)

ype of conjugation alluwed one to_foresee the interaction
ugh the N as well as the O atom /See formula (3k) and

Assumption of this t
of NO, with radicals thro
equatgons (21) and (22)7.

The presence of a s0litary unpaired electrun in NO permits it to be
considered as a free radical. This conclusion is supported by the paramagnetism
of NO2 and the band character of the absorption spectrum of NO,. The radical
character of NOp 18 also manifested in its rapid interaction wIth other particles
containing unpaired electrons, such as (0635)0-, Fe -, metallic silver etec.

From the calculation of the free energy of the reactions
Xt B, =HX + B (X =CL; Bre; I'; *Nop) (36)

it follows that N0y 1s close to atomic iodine in its chemical unsaturation,
In its affinity to the electron, the nitrogen dioxide monomer stands between

ivusnie and bromine., The electrophility of NO, is seen in its ability to react
quickly with bases, ammonia (even at -80°), amines, and many anions, so that
NO, may be regarded as an aprotonic acid.

The electronic structure of NO [EEe formula (§§§7nnd the aata on energy
Just stated, permit one to understafid the remsons foF the relative stability

of NOp as a radical and its lov chemical activity in comparision with Cl and
Br atoms.

Thus, theory and experiment agree in the conclusion that NO is a particle
of the radical type and that its degree of electrupnility is moderate. On the
other hand, all the known information on the reactions of the paraffin chain
R-H with atoms (Cl*, Br') and radicals (R-0-0¢, CH:') permits cne to maintein
that they occur, as a rule, under the brea king atf of & hydrogen atom and the
formation of a free radical R* as in the scheme R-H + Br'—3 R- 4+ HBr. Con-
slderation of both conditions leads one to accept the interaction of NOp with
the paraffin chain according to the formerly postulated scheme [Equation (1927.
In the light of the theory of the transitional state und noting the electrophility
of NOe, the course of the reaction*%ay be described in more detail:

R-F # NopiR. . B.. NO—sK: 4 HNo, (37)

This conclusion is in agreement with all the experimental results. The
most direct experimental proof of the formation of free radicals during the
nitration of the paraffin chain will be presented in the discussion of the
mechanism of the formation or geminate dinitro compounds of the phenyldinitro-
methene type {see p 23).

- 10 -
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The rate of the formation of the free radical R* during the reaction of a
hydrocarbon with NO, determines the observed rate of nitration, since trans-
formations of the radical in the sphere of the nitration must take place almost
instantly. According to general chemical knowledge, us well as conclusions drawn
from studies of the transition state the nitration rate of the paraffin chain
increases strongly ss the energy stability of the corresponding radical R+ in-
creases. Utillzing the data of Rice and other authors, it is pussible to find
the decrement in activation energy AE during the transition from methane to
other hydrocarbons. On the basis of the magnitude of AL, the respective nitra-
tion rate constants (k') were calculated /32/. Finally, starting from probable
considerations, it is possible to estimate the magnitude ol the activation energy
of the nitration of methane as 45-50 kcal, which permits calculatiion of the
activation energies of nitration of uther hydrocarbons in the gaseous phase.

The results of these calculations are listed in Table «. In this table, the
hydrogen atoms reacting with NO_ are underlined, and k' ror the hydrogen atoms
of the methyl group of butane i§ taken as equal to unity.

The calculated rate constapnts are found to be in agreement with Konovalov's
observation that nitration of n-paraffins takes place at the secondary carben
and of isoparaffins at the tertiary. More recently, Urbansky's and Slon's asger-

-tion that nitration of n-pentane with nitrogen dioxide takes place at the pri-
mary carbon /B, 7/ was refuted by our investigations /Zef. Carrying out the
reaction at higher temperatures must bring atout an equalization in the mobility
of the hydrogen atoms at various carbons,

In agreement with the values for the activatlon energy round in the table,
n-pentane practically does not react at ell with nitrugen dioxide st ordinmary
temperatures even after it has been left standing for several months /327, The

e reaction with diisocamyl (CH,)ECH—CHQ-CH -CH, -CH_-Cit(Ci_), imkes place at a very

) slow rate [3}7, but toluene’réacts much“faster.” The rdaftion between NO_ and
Iy diphenylmethane, after immediate stirring, is completed after the mixturE has
been left standing for 2 days, but triphenylmethene reacts very rast on heating
1527: In the light of the ubuve, the increasing rese*ion rate in the serdes:
toluene, metaxylene, mesitylene (3f) becoumes -lear. si.ice the methyl group in
the meta position increases the stability or the rospe - ve {ros vadicals cone
siderably. In a similar way, the effect of the napuinyl group oo tne ease of
nitration of the paraffin [ulky£7 groups of 1, k-dlmetayluaphthelene can be
explained.

3

Increase in the chemical activity or hydrogen in respect "o, and NO
in the series of the type

3;$ ' CH3

18 connected with the increasing ease of the formatiun of the free radicals

-Hj CH.CH_-H; (CHE’)ECH-H; (CH ) -

~ s . " . v o
u{.j ; cn3c52 5 (\.H.:)ECH ; (LH.;) C

2

v This serves to explain the increase in the pussibility or howmogeneous conju-
i gation of a solitary p-electron with spatislly accessible electrons of neigh-
boring C-H bonds at the expense of‘pheir p-compone:ts in the following manner:

(38)

VL o
i ifc-Cc or H- GG,
The predomirant interaction of NO; with parartins in the 2-position unaer
formation of 2-nitroalkanes is connected with the possibility of maximum mani-
festation of the above-mentloned conjugation in the radical CH,-CH-CH.-R as
compared with other possible alkyls. The extreme inertness of Lydrogéns at
carbons connected with tertiary redicals that bas been roted by Markovnikov [?27
is ensily understood from this viewpoint; the difticulty of nir;aiinm the paraffin
chain in tert-butyl benzene that has been ncted by Norgvzlov /407 1s similarly
explained.

- 11 -
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Methane's great inertness toward nitration is based on the complete absence
of conjugation in the solitary eleztron of the free methyl radical due to the
fact that the axis of its orbit is perpendicular to the zxes of the C-H bonds.
This circumstance permits the assumption that the activation energy of nitration
cited earlier for methane is probably too low.

In the series of phenylated methyl radicals
CHy*; CgHsCHy "5 (CgHig)aCH 3 (cglis)sC- (39)
the very strong conjugation between the solitary p-slectron and the neighboring
mobile T-electrons of the arcmatic nucleus results in an even greater increase
in the stability of the radicals and a corresponding facilitation of the reaction

with NO, during the trapsition from methane to toluenz and then to diphenyl-
methane and triphenylmethane,

Konovalov z;;] and Nametkin [:g? observed interesting cases of the pas-
sivity of hydrogen atoms at tertiary .arbons shared by two rings, as in camphenilane:

Hp-CH-C{CH,),
Hoy (40)

CH2-'H-CH2

This apsmolous behavior is explained by the di!ciculty with which the corre-
sponding radical is freed as a result of the rigigdity of the tetrahedral config-
uration of the valence electrons of such carbons(C). This, in turn, makes 1t
impossible for the remaining bonds to assume a planar distribution and in this
manner assure to & greater degree conjugation of the resulting unpaired electron
with electrons of the neighboring C-H bonds. This restriction, in regard to
nitration, will apply oply to those carbons of bicyclic ccupounds for which '
Bredt's restriction of the formation of double bonds applies, since both re-
strictions are of the seme nature. For example, both restrictions are not
applicable to the tertiary carbon atoms in decalin. This follows from Nametkin's
nitration results [ﬁ}7, the study of spacial models, and the existance of i, 9-
and 9, 10-octalins.

It can be concluded from a series of cbservations that there is an increased
activity of the hydrogen atoms of cv~lohexare during ipnt-raction with NOp
Judging from Nametkin's results on the nitration of hydrindans /547, the
activity of the hydrogen atoms {1 cyciohziane 1s wreacer than tne activity of
the hydrogen atoms in cyclopentane. The greater activity of cyclohexane can
be explained in the form cf & working hypothesis as a wearening of C-H bonds
produced by the strengthening of the conjugation of their p-components in & 8ix- :
membered ring, which is somewhat simllar to the effect or the conjugation of
p-electrens in aromatic nuclei (cryptoaromatic character}. This hypothesis is
confirmed by a number of physical and chemical propertias of cyclohexane and

its analogs. {
The follewing results of experiment&klihvestigations also confirmed that !

radical-molecular Teactions are the initial and determining stage leading to the
nitration of the paraffin chain [327.

1. Nitration of the paraffim chain with nitric zcid ic the presence of
nitrogen dioxide takes place in the .aydrocarbon and not in the acid phase, since
the yield 1s not changed by increasing the amount of acid but it is increased by

additions of hydrocarbon.

- 12 -
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2. The degree of polarity of the medium does not have a great effect on
the rate of the reactlon; nitration of the paraffin chain also takes place
readily in the gaseous phase.

:; 3. Additions of strong protonic (H%S 0) and aprotonic (AlCl., TiCly)
: aclds do not noticeably accelerate the nifration .f the paraffin chaln.

However, if one considers the electrophlic character of the nit--3:1
dioxide monomer and the potential nucleophility of the paraffin chain with
respect to NO,, it follows tbat in the process of their interaction purely
electrical forces will also play a significant role and the process in the
transitional stages

‘ +§ -¢

fr—m—
R-H4 NO,—+R...H.. .NOp—>R" { HNO

A (k1)
will bear marks of an ion-complex reactior, Increase of the electron density
in the hydrogen sphere and a raise in the polarity of the C-H bond must favor
the formation of the transition complex. Hence introduction of an electron-
donor group - alkyl, alkoxy, ete. - into the R-H molecule facilitates nitration,
with the exception of such cases where this kind of substitution will lead to

a considerable decrease in the stability of the radicals, as in the transiticn
from isopropyl benzene to tertiary butyl benzeme. Electrophylic groups present
in the R-H molecule, especially such groups as - NOz, -COOH, will act in an
opposite direction. In accordance with this, nitro derivatives react with NO
with greater difficulty than the hydrocarbons themselves or they do not react
at all, as can be seen from the date of Konovalov, Nametkin, the author of the
present article, and other investigators. However geminate iinitro compounds
of the phenyl dinitromethane type nitrate readily unuer pruper conditions
following ionization and the subseauont transformation into electron-donor
(nucleophilic) anions [— H C(N Tinaway similar to that vhich leads to

the nitration of nitrophenols [ﬁﬁ?

In connection with the above, it can be foreseen that the nature of the
mediun and any additions must all have an effect on the reactivity of NO2 by
changing its electrophility, as shown by the following schemes:

EESN(— ----- og(caﬂs)a, Ojlg—bo----:ﬂig+ (42)

As a result of complex formation with ether, the activity of NO, must decrease,
but in consequence of combination with a hydrogen ion it increases. The iu-
fluence of the medium or of a third particle (A) can also act as a means of alding
the removal of HNO,

R-H+ -NO3 + A——R* 4 HNO5...A (43)

i;; through the adsorption of £+ and N02~ ions on ionic lattices, hydration through
e interaction with vater, etc.

The rate constant for the reaction in the liquid phase, according to the
general rule, must be several times greater than for that in the gasecus phase.
The obeerved reaction rate will then rise sharply as a result of an enormous
increase in the number of collisions between the paraffin molecules and parti-
cles of the nitrating agent /867,

We shall stop briefly to consider other possible ways in which NOp can
react with the paraffin chain. From purely energetical, spatial, and chemical
considerations, the reaction according to the scheme

R-H + NO;—' + R-NO, (Ly)
can be considered as practically nonexistent.
- : -13 -
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Spatial-energetical factors also bring about a low probability of the fis-
sion of the hydrocarbon chain

Rsc-cn' 3t Noa_pnac- + & 3C-N02. (45)

This reaction can occur only at high temperatures or whenever there is a con-
siderable weakening of the bond between the cerbon atoms as in hexaarylethanes
after a threefold § ,M-conjugation. Apparently this type of process occurs only
during the interaction of RO, with the dinitrile of tetraphenyl succinic acid
(céﬂz)(CN)C-C(CN)(C B ), since the reaction rate of this nitrile with NO_ is
greéater than the ra eso dissociation of the dinitrile into the free diph@nylcyano-
methyl radical [TCGH J,(CN)E/ [BT/. It may be assumed that to some degree anm
analogous [ ' icess ofze takes place in the first stages of the interaction be-
tween oxides of nitrogen and the®- bonds of olefinic compounds /32, h§7:

R,C-CR, R C-CR

c-C
21 1% ana "2
f,/ 0N No O, ONO
RoQOR, + NO,F=2R,G-CR AR, C-CR
]
]

i (46)
i' RO, Xﬂe?-l%
N N

ny

I II
{\~r~I-bond) transition
complex

The great rate of change and reversibility of these stages can be deduced
on the basis of the known facts of rapid tramsformation of the energetically un-
stable cis-compounds into the stable trans-isomers during the action of NO,.

The nitrogen dioxide monomer behaves similarly to bromine atems during photo-
chemical isomerization.

In reactions with NO, and NO_, cyclopropene and its derivatives must
behave analogously to olefins. Acfording to our views, the state of the carbon -
- carbon bonds in this ring is close to that of thety-bond. Apparently, this kind
of reaction, accompanied by fission of a three-memvered ring, was accomplished
by Namekin and Zebrodina in the nitration of tricyclene [ﬁgﬁ.
The reaction of the paraffin chain with N02 according to the following
scheme /37/ 18 also possible to some extent

0
or RN (47)

R'C-H + -Noe—»n'3c::-l‘,l—+n'3c H
0—Bzd  Oe-N-0 “\on

(¢ 15 the symbol for a semipolar bond)

]
with the formation of organic anmlogs of nitrogen dioxide R—N::::
[6}:1

Only careful stereochemical investigations - shoving retention of the
configuration at the central asymmetric carbon may establish the feasibility
of this type of interacticn.

TN
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- In addition to interaction of the paraffin chein with the common form
x of Noa, the formation of radicals cen also take place under proper conditions
as the result of the reaction of hydrocartons with other particles.

Thus, from the observations of Dem'yanov /507 and Adkins f517, 1t is
clear that nitric acid anhydride reacts with paraffins very rapidly. Direct

interaction of nitric acid aphydride with the paraffir choin according to
the scheme

R-H + 0,N-0-No, —*R" + HONO,, + N, (48)

is not certain from the
reactions. We propose t
in the radical state fo
anhydride:

point of view of general principles of radical - molecular
hat the active agent in this reaction is nitrogen trioxide
rmed during the equilibrium dissocistion of nit:ic acid

2

Interaction of nitrogen trioxide NO, with the paraffin chain by analogy

to the corresponding reaction of the nitrdgen dioxide monomer NO can be repre-
sented by the following scheme:

0,N-0-No_32 No,, 4 ‘ONO_ (49)

R-H - -0NO, =R~ + HONO, (50)

The high activity of nitrogen trioxide in this reaction follaws from purely
energetical considerstions and from the high electrophility of NO-- as compared
with-NO_. The energetical considerations are besed on the fact that nitric acia
has a ggeater heat of formation than pitrous acid. The electrophility of NOg-
and "NOy in the first approximation will be proportional to the strengths of“the
corresponding acids - nitric and nitrous. It is clear that the ideas developed
above apply to nitration with the participation of NO;.

Quite recently, Ogg proved that the equilibrium between nitric acid enhydride
and its dissociation products is established very rapidly by determining the rate
of formation of N'0, in the reaction

15

15 14 — 15 14
N5705 + 70,4208 7-0-N"0, + N "0, (51)

5

on the basis of measurements of the intensity of absorption bands of the formed
nitrogen dioxide monomer N1502 in the infrared spectrum /52/. In agreement with
the accepted mechanism of the“reaction

w1k "
N320s—» %0, + Kl50,; W%05. + -wlto,— o15.0-nlko, (52)
1ts velocity turned out to be that of a first order reaction with respect to ‘
N205 and that of a zero order reaction with respect to NOn. This result proves

that & determining factor in the exchange is the dissociation of N
Information was obtained by studying the very rapid reaction:

205. Analogous
Nz05 + NO = 3NO,, (53)
whose mechanism 1s represented by the scheme
N205 = No3+ + *NOp; Noé- + -No—2:105, (5b4)
ince the equilibrium NpOgg®NO3- <+ -NOp (55)
exists, additions of nitrogen dioxide inhibit reaction (5%). On the basis of

Ogg's work on the oxidation of NO /53/, the possibility that 103 arises from
this reaction may be assumed.

- 15 -
CONFIDENTIAL

Sanitized Copy Approved-F(.)r Release 2011/09/14 : CIA-RDP80-00809A000700120384-1



4 - R
T

v Tan o T e oo [

LR

- . BN
. ) .

Sanite py pprd for Release 2

-

CONFIDENTIAL [ ]

All this when summed up leads to the necessity of assuming the participation
of N0, in a number of cases of nitration of paraffins with nitric acid and nitrogen
dloxide, Thus, for exnmple, the ability of highly concentrated or anhydrous
nitric acid to react with n-paraffing and more rapidly with isopararfins under
normal conditions as observed by Markovnikov [§E7 establishes the presence of

nitrogen trioxide .iu such an acid. Nitrogen trioxides must form as a result of the
following reaction:

P 1o} + rog
3HH03@2 H,0. HOO,, + 110, ; Ty 2 iiug 4 iy (56)
The fo-mation cf N205 in anhydrous nitric acid is

indicated by a mber of
data 5/,

Ir high temperature nitratiors with nivri- o 230
whese, the formntion of l\'O3 can cone nhoth

of reactions:

id -5009) In the gaseous

e follewing sequence
2

2AMO3— Ha05 + Hz03 Tip05 10, + 20, (57)

Apparently, this .ircumstence leuds to the observea i
case of nitric acid as compared with nitrogen dinxide

chonitration rate in the
L7

In our experiments on nitration in the presence ol oy, carried out in the
liquid phase Z$k7, ard in Hass's experimenis done in the SAGROUS pnase Z5§7, the
process of the oxidation of nitrogen oxides rmus* have Led tr tie formation of N03,
and hence to acceleration of the reaction with th- paraltin cl-a'n due to the
following reactions:

20y 0=1-0-0-K=0— 2100} il
0=l + =0 (58)

Tiog P O=H-0-0-11C- — 104 4 103" g2 linCy

It is probable that active molecules of nitrocen dloxide (HOS) ulso Torm.

In the nitration of methane using a mixture 22 cnlorine and nitrosen dioxide
and applying Topchiyev's inierestin: method .

o vormation of radicals could
have occurred from the action of atemic chlerlne formed by schemes (a), (b), and
{e):

(a) c1, headnzy ey w) Cipg+ MWL+ C1; ¢} Cly+ Noo ~

HOCl +4-CL-.” (59)

V. NITIAL COIVERSIONS OF RADICALS WITHIN OSTHIRE OF MTITRATION

Both experiment and theory lead to the conciusion that “hie combination of
alkyl radicals R+ with other raudiculs or atoms havin ired electrons takes
place wany times faster {(vy a4 facter of the order of ur (resser) than the
reaction of alkyl radicals with saturated molecules, Within the sphere of
nitration there is usually present a noticeable end sometimes sirikingly large
concentration of the oxlde and dioxide of nitrogen., 7 re, it must be assumed
that any alkyl radicals that are formed must react with these oxides of nitrogenﬂ

- 15 -
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Variations in affinity toward the electron of these oxides of nitrogen and
alkyl radicals must favor their union. This general conclusion is sunported not
only by the results of investigation of the nitration of the paral{fin chain, but
also by other independent experimental data. Below, indcpendent data will ve
stated for the most part, while the proofs deriving from our vork will graduslly
become apparent during the perusal of the following section.

As far back as 1911, Schlenk observed rapid combination of nitric oxide with
triphenylmethyl to form triphenylnitrosomethane [577. Investigating this reaction
quantitatively, Ziegler and his co-workers concluded thai the phase

(CeH5 )3 + 1O —b (CgHis )aC-NO (60)
mugt be passed instantaneously. Over the past 10-1% years, enough moterial has
been collected by investignting the photolysis and pyrolysis of organic compounds
to prove conclusively that the combination of nitric oxide with ordinary alkyl
radicals is extremely rapid. The method of capturing formad radicals with the
help of nitric oxide has now acquired a great signilicanze. TForsyth considers
that the combination of the methyl radical with nitris oxide reqiires only the
lov activation energy of 6.4 keal [587.

Combination of radicals with nitrogen dioxide also takes place very rapidly.
In agreement with theory, Schlenk observed that an incressed degree of dise-
sociation of No0y into N0 leads to an acceleration of the reactlon between the
dioxide and the triphenylmethyl radical. The tigh combination rate of the methyl
radical with NO» follows from the possibility of obtainlng nitromethane by
electrolysis of & solution of acetate and nitrate (see p 5). The ability of
nitrogen dioxide to interrupt the chain reaction of the chloriration of n-pentane
[527 is undoubtedly based on the capture pf the alkyl radicals formed,

In accordance with the chemically most acceptable clectronic structure, nitric
oxide <N=Q, reacts with radicals to form nitroso corpounds exclusively

R: + +H{z0-4 R-1iz0 (o1)

This is followed by the formation of transformation products of the latier.

tarting with electronic conceptions of the structure of 4he nitrogen
dioxide monomer (see p 10) and the possibility of finding a single electron
at the nitrogen atom as well as at the oxygen atoms, the author propesed as far
back as 1940 that interaction of alkyl redicals with li0p proceeds in two _
directions, ylelding both 2 nitro compound and an ester of nitrous acid /_3_5_7:

0
/‘n-:::O . (62)
T+ o,
\‘R-o-u=o. (63)

According to experimental data, the reaction of radicals and WO, at 100°
yields about 60% of nitro computnd and LO% of alky! nivciie 7. This ratio

may change under the influence of solvation and compler formzcior that involves
NOp, bringing about the shielding of one of the atoms of the dioxide. It may be
Aassumed, for example, that the formtion of HO, complexes with nitro compounds of

the type R-ll; =0 involves lowering of the activity of the niirogen atom.
0--—0HU2
These circumstances could have an effec: on the ratio of effective collisions of
the radical with KO and NOs. -
- 17 -

CONFIDENTIAL

Copy Approved for Release 2011/09/14 : CIA-RDP80-00809A000700120384-1

2011/09/14 : CIA-RDP80-00809A000700120384-1




A R S ot e e ur
A T

1/09/14 : CIA-RDP80-00809A000700120384-1

I . .

CONFIDENTIAL [ ]

The reactions between radicals and saturated molecules taking place in the
sphere of the nitration can ve represented by the scheme

Re+ A-B—#R.-Ac..B—4R-A -+ B-, (64)

It should be noted that the Posslbility that this type of reaction will actually
take place will be greater the weaker the A-B bond and the more stable the formed
radical B. A rise of the electrophility of the corresponding atom of group A and
an lncrease in its spatial availability for attack by a radical should facilitete
this reaction.

Of all formally saturated (diamgnetic) molecules, the nitrogen dioxide
dimer has apparently the greatest chance of reacting with alkyl rodicals.
According to our conceptions [60, Gg, the structure of 1130, In a nonpolar
80 . ..on 13 expressed by the formula

0.
o-N;/---‘r:-o. (65)
No””

In this schene, the broken lines indicate bonds of o secondary character,
O--+N bands of an electrostatic and covalent character, and ll...N simple covalent
bonds. The secondary character of the NO_ bords holding i, molecules together in
the dimer follows from the insignificant change of the ultraviolet absorption
spectrum as a result of dimerization and the immeas y#nbly high dissociation rate
of Nx0y. The weakness of the ¥0,-l0, bond in the dimer also acrees with the low
heat of decomposition of the dimer (6.6 kcal), All of this indicates a high degree
of 1ndependence of NOp in the dimer.

ne proposed structure of HEO;‘ is found to agree with date on the symmetry of
the dimer molecule, with the big distance between nitrogen atoms in the molecule,
with the low polarity of N20), 25 & solvent and with the increasing degree of dis-
sociatlon of the dissolved nitrogen dioxide as the polarity of the medium increases.
In view of the shielding of the nitrogen atoms in this form of H50p,, atiack on
its radicel must be directed toward the oxygen atoms and mist ledd to the forma-
tion of alkyl nitrites and to some extent of alkyl nitrates.

0, R-0l0 + II0-

kY

R+ o:w\—---‘rqso (66)
hY
A Y

"0 R-010, + 110"

The shielding of nitrogen by three atoms results in 2 loss of reactivity by
it. This follows from the peculiarities of the interac:ion of organic analogs of
N0, with radicels, which proceeds exclusively throwsn oxygen, 2s wne cacuion
between nitrogen diphenyloxide and the radical of triphenylmethyl shous E?]

(Cglis )20 + -C(Cgli5)3—» (Cgiis )z3-0-C(Cglls)3. (67)

As indicated above, the reaction of NO, itself with triphenylmethyl takes place
along both possible dfrections — through the ritroren atoms and through the
oxygen atoms.

Since the effectiveness of the collisions between the radicals and Nzou is
undoubtedly considerably less than for HO a: NO,, reaction (66) can play a
noticesble part only ot high ratios of /H2Oh/ and /N2Oh/, i.e., et moderate or

o2/ /o]
low temperatures and a hipgh analytical concentration of nitrogen dioxide. This
has been confirmed by experiment.
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According to the above ; the effectiveness of collisions between the radicals
and molecules of nitric acid must be very small. On the basis of a ccansideration
of spatial factors and energy calculations, it mey be assumed that the most
probaeble direction for the reaction is formation of alcchols by the scheme:

0
R + HO-N:-—-* ROE + N0, (68)
0

The role of this process can only be significant at a sufficiently high
temperature, a high concentration of nitric acid, and a low content in the reaction
sphere of nitrogen dioxide and nitric oxide , Vhich intercept radicals rapidly.

The reaction of radicals with nitric acid anhydride must lead to the formation
of alkyl nitrate according to the considerations precented above:

R-+ o=n-o-1i=o —+R-0N05 + *10p (69)

) (o]
In some special cases of nitration, as fir example in experironts where the
reaction mass is saturated with oxygen or at h{c- temperatures (»300°), when there
is a significant shift of the equilibrium in (70} to the right

MO 2RO + 0p (70)

it is necessary to take into account the posgibility that the radicals may react

vwith oxygen. According to its magnetic and other properties, the oxygen molecule
rossesses a biradical character, vhich, it is true, is comparatively weakly expressed
in its chemical behavior., levertheless 5 1t combines rapidly with free triaryl-
methyls and alkyl radicals, giving peroxide radicals:

R- + 0p—+R-0-0.. (1)

From a series of observations, it may be concluded that effective collisions
of radicals with N203 yield mainly nitroso compounds.

Since nitro compounds and alkyl nitrites inhibit reaciions passing through an
intermediate formation of radicals [_537, they apparently also are capable of
reacting with free radicals formed during the nitration., However, the effectiveness
of their collisions must be very low in comparison with those of IO and 1*102 and
even with the activity of oxygzen molecules.

VI. MECHANISMS OF FORMATION OF END PRODUCTS OF THE REACTION

In Section IV it was shown that the beginning stage in all cases of nitration
of the paraffin chain is the formation of free radicals due to the reaction of
hydrocar®ons with the aitrogen dioxide monomer. IXn £sction V the probable primary
conversions of these radicals within the sphere of nitration werc considered.

The basic conclusions from both sections may be summarized by memans of the scheme:

R-NO
. %R-ma
. R-0-110
R-E M0 MO3  g. ey 3 o.10, (12)
\q\tﬂ-mo
R-0H
. - 19 -
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Comparison of the experimental data obtained by us permits us to assume that
the relative effectiveness of collisions of the radicals with NO and NO
respectively is pretty close together, snd that in the first approximtfon this
effectiveness is 3-5 times less for nitric oxide than for the dioxide. The
effectiveness of collisions of the radicals with Nn0), and No0, is many tens of
times less than in the case of the radical-like oxides NO and“NO,, and for
nitric acid it is apparently very insignificant. Therefore, according to theory,
under normal conditicns of nitration the £irst conversion products of the formed
radicals must be mononitro derivatives R-N02 or nitroso comvounds R-NO, esters
of nitrous acid R-OND, and to some extent alkyl nitrater and alcobols. The
ratlo of these products in the process of transformation of radicals and the
gubsequent chemical behavior of these products under the selected conditions
of nitration determine the composition of the end product of the reaction.

Among these compounds, only nitro derivatives proved to be stable under
ordinary conditions of nitration, so that they are preserved almost entirely intact
until the end of the reaction. Nitroso compounds are extremely unstable within -
the sphere of the nitration, but their intermediate formation was un uestionably
proved by studying thelr conversion products, whose yields attain 50% of the
theoretical 527. Esters of nitrous acid possess an intermediate degree of
stability, and hence it was possible to demonsirate, under special conditions of
nitration, the formation of over 40% of alkyl nitrites and of their closest
conversion products — alcohols, alkyl nitrates and other esters [807. Aliyl
nitrates are quite stable in many types of nitration.

The results of the investigation summed up in scheme (72) were a starting
point for comprehending the mechanism of the formation of the observed nitration
products of paraffin chains and for understanding the basic rules of this
process. These results also led to the discovery of new directions of thils re-
action and to unexpected (in the ordinary sense) chemical phenomena. These
results permitted the application of rational methods for obtaining a series of
products.

To illustrate the above, we will first describe preparation of the usual
product of the reaction, i.e., of the mononitro derivative. Then by the way of
studying the formetion of geminate dinitro compounds, we will demonstrate the
possibility that the reaction may proceed mainly in the direction of inter-
mediate formation of nitroso derivatives and we will shed light on their eventual
fate. Finally, we will present proof of the formation of alkyl nitrites and
nitrates and will explain their predominating role in processes leading to
formation of products of oxidation and destruction.

Formation of Mononitro Derivatives

In accordance with the theory which has been developed /BM/, the principal
manner in which mononitro compounds are formed in nitration with oxides of
nitrogen and with nitric acid can be represented by the following scheme:

R-T 4 Nop, HHO2 g- N02_R-NO, and R-ONO €10%). (73)

Competitive reactions under ordinary conditions of nitration will be combination
of the radical with NO to produce nitroso compounds and theon the varied prodncts
of their transformition, as well as the interaction with NpOl leading to the
formation of alkyl nitrites and of the latter's products of oxidation and de-

composition,

Trom these ideas it follows that to create an adequate total reaction velocity
when nitrating with the oxides of nitrogen, and to direct the process towards the
formation of mononitro derivatives, it is necessary to maintain a high content

- 20 -

CONFIDENTIAL

Sanitized Copy Approved for Release 2011/09/14 : CIA-RDP

80-00809A000700120384-1




L I
.

for Rele

L

ase 2011/09/14 -

R R R I At A

Sanitized Copy Approve CIA-RDP80-00809A000700120384-1

"

CONFIDENTIAL I 50X1-HUM

o 4,

of NO, in the sphere of the reaction and to assure low relative concentrations of
NO/NO2 and Ngoh/uog. When working with open vessels and nitrating in the liquid
phase the desired values of these ratlios Were obtained by raising the temperature
to 100°. At this temperature the solubility of nltric oxide decreases sharply
and an almost complete dissociation of Np_oh takes place. A sufficient amount

of N0, in the sphere of the reaction was maintained by using large volumes of
nydrocarbon,

Using a large excess of either hydrocarbon or solvent led to difficulties
in the alkali extraction of nitro compounds due to the extremely low velocity
of the process. These difficulties were overcome by adding small amounts of
amines. The amines, dissolving in the organic layer, rapidly converted the
pseudoacidic form of the nitro compound into a salt of the acl form:

CaHsCHNO, + NH{(CoHs ) o [E6H5CH-3027-[1632(C2}15 e/ * (%)

The latter immediately went into the aqueous layer, where as a result of its
interaction with the caustic, the amine wes regenerated. It then was again
extracted by the organic layer and thereupon reacted with a fresh portion of
the nitro compound, etc. This continued until the nitro compound was completely
converted into the sodjum salt of the aci form. As & result of this procedure,
the duration of the extraction was shortened by a factor of ten.

Further effectiveness of the nitrating action of nitrogen dioxide was
achieved by introducing oxygen into the sphere of the reaction. The favorable
effect due to this procedure is made apparent in the following cases. For
example the reactions of nitration and oxidation with nitrogen dioxide

ac6ascn3 + 3N0, = 206HECH2N02 + H,0 + NO (75)
and

cériscu3 + 380, = céﬂscoor{ + B0 + 30 (76)
are accompanied by the formation of nitric oxide, which leads to an inefficient
utilization of NOp. The presence of nitric oxide in the gas mixture lowers the
partial pressure of the nitrogen dioxide and, therefore, the concentration of
NOo in the hydrocarbon as well. This then lowers the observed rate of the
nitration. Introduction of oxygen in the necessary quantity converts the NO
into NO, and thereby improves the efficiency of the utilization of nitrogen
dioxide and speeds up the reaction. Moreover, introduction of oxygen can raise
’Ehe actigi).ty of the NO, and bring about the formation of the highly active N03
see p 10).

These theoretical conclusions were checked and confirmed on the basis of
an investigation of the nitration of toluene to phenylnitromethane [B4/. We
shall present some data on the yield of phenylnitromethane, illusirating tae
influence of some of the most important factors. On passing 43 g of nitrogen
dioxide and 8 liters of oxygen into 175 ml of toluene over a period of 2 hours
at 100° , 15.3 g of phenylnitromethane were obtained; increasing the amount of
toluene to 1790 ml raised the yield of the product to 41.7 g. Passing 43 g of 1
nitrogen dioxide into 1750 ml of the hydrocarbon over & period of 4 hours
yielded 34.2 g of phenvinitromethane; simultaneous introduction of 10 liters ‘
of oxygen raise( the yleld ¢y 56.1 g. The ratio of the yleld of phenylnitro- ‘
methane to the total yield of the products of the reaction comprised approximately i
50%. When oxygen vas employed, the degree of consumption of nitrogen dioxide
for the synthesis of all products of the reaction that contained nitrogen !
exceeded 90% of the theoretical. ‘
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Nitration of meta-xylene with nitrogen dioxide ﬁ§7 proceeded very smoothly
and went faster than the nitration of toluene. Thus , when 36 g of NO, were
rassed through 200 ml of the hydrocarbon over a period of 3 hours at EOO0 >

I g of very pure meta-tolylnitromethane were obtained with a yield amounting
to 55% of the total quantity of reaction products. Due to its high reactivity,
the nitration of diphenylmethane was carried out at 70-75° in a solution of carbon
tetrachloride, thus aiding the dissociation of N0y ; the yield of diphenylnitro-
wethane was 53.14% of the theoretical based on the starting hydrocarbon.
Experiments on the nitration of 2,7-dimethyloctane in the liquid phase /B5/

and of n-pentane and cyclopentane in the gas phase [3-§7 also gave encouraglng
results,

To nitrate most successfully the paraffir chain with nitric acid in the
liquid phase, according to theory, the following principal conditions had to be
fulfilled: (1) establishment and maintenance of the required concentration of

NOS with the aid of nitric acid; (2) adherence to conditions developed for the
nitration with nitrogen dioxide.

It was also necessary to hinder the development of a destructive action
of nitric acid on the newly formed nitro compounds. In the case of alkyl ben-
zenes it was necessary, in as far as possible, to lower the nitrating effect
of nitric acid on the aromatic nucleus of these hydrocarbons.

In earlier work, success iu nitrating with nitric ecid in the liquid
rhase depended on purely accidental circumstances. Fluctuations in the
amount of oxides of nitrogen in nitric acid and in the extent to which it
was possible to raise it, could have been reasons for the wide differences
in the results of previous workers. In the author's experiments, establish-
ment of a primary concentration of NO2 was achieved by first addinz nitrogen
dioxide or a substance easily forming oxides of nitrogen on reacting with
nitric acid, e.g., paraformaldehyde or sodium nitrite [e4].

To maintain the necessary concentration of nitrogen dioxide during
nitration vith nitric acid, it is possible to employ various methods., In
accordance with the equilibrium

NO + 2HNO3 _hefty3N0, + HpO (17)

this can be achieved by sustaining the necessary concentration of nitric acid,
increasing the pressure of nitric oxide, and finally, by raising the temperature,

Under the conditions of Konovalov's reaction, nitric oxide, accumulating
as a result of oxidation, remains in the sealed tube vhere its pressure constantly
increases. This assures, to some degree, the maintenance of the NO, concentration
by lowering the concentration of nitric acid. Accordingly, Konovalov noted
that the reaction went best in those tubes where a high pressure was found to
exist when they were opened [3]. Maintenance of a sufficient reaction rate was
also aided by applying sometimes a gradual increase in temperature.

In our experiments on nitrating the paraffin chain ¢ alkylbenzenes in
open vessels at a cunstant temperature, the concentration of N0, was maintained
by gradually adding nitric acid of sg 1.5. To avold nitration of the nucleus
with strong nitric acid, the latter was introduced directly into the lower
acld layer and not allowed to come in contact with the hydrocarbon. Using a
very large excess of hydrocarbon, in addition to the previously stated ad-
vantages, almost completely canceled the destructive action of nitric acid on
mwononitro derivatives, an action which was especially strongly developed in the
case of alpha-nitroalkylbenzenes. Passing oxygen into the sphere of the
reaction at a rate just necessary for the conversion of nitric oxide into
nitrogen dioxide, increased the effectiveness of tue nitration even more.
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As 8 result of these innovations it is possible to obtain significant
quantities of alpha-nitroalkyl benzenes by nitration with strong nitric acid in
open vesgels for 2-b hours at 100°. The results were very different from those
obtained in previous investigations.

To illustrate what has been stated, ve will cite some figures showing the
influence of the amount of hydrocarbon and of the rassage of oxygen on the
yield of phenylnitromethane Produced by nitration with 50 ml of nitric acid
of sg 1.5 [Bi7.

Volume of toluene Seeteericiietrenencinsoesaas 200 ml  5C0 ml 1750 ml
Yield of c6£15c321»'oa (vithout the use of 0y) -» 23.6 g 35.3g 53.9 g

Yield of CGHSCHZNOE (with the use of 02) R
Increasing the volume of hydrocarbon raised the molar ratic of phenylnitro-
methane in the reaction product from 45 to 55%, The total utilization of nitric
acld achieved in the last experiment was 90% of the theoretical amount. Experi-
ments carried out on the nitration of meta-xylene 5@7 ) cyclohexane [327,
2,7-dimethyloctane /F67 and n-heptane /337 vith nitric acig@ ~lso gave encourag-
ing results.

- L8,k g 76.4 g

Some other ways of the formation of mononitro compounds in the process of
nitration of the paraffin chain will be discussed below.

Formation of Geminal Dinitro Derivatives and of Other Yransformation Products
of Nitroso Compounds

At the beginning of the investigation it was found that the yield of phenyl-
dinitromethane and other geminal dinitro derivatives of aryl paraffins shows a
very paradoxal dependence on the conditions of nitration. Conirary to the
universal law, it appeared that the yield o” dinitro-suhst{tutod ~ompounds in-
creased when the concentration of the nitrating sgent -- nitrogen aioxide --
was lowered and also when the temperature was lowered. This can be seen from
the following data /597:

Molecular portion of LN ! o)
Al Ns0 0.4e .15 0.04 t - 20
20), N0, + C4H.CH, G 0.15 (
Ratio of ylelds in CelisCH(10,) o
- ‘ gran-moles W 0.9 1.4 3.7
Temperature of
reaction in OC 95 7C iTe) 20
Ratio of yields in CGHSCH(NOZ)E
e e— ol oY
gram-moles CglisCHN0, 0.03 0.32 2.2 3.6

Nitration with strong nitric acid at 100° gave phenylnitromethane almost
. exclusively and only a very small emount of the geminal dinitro compound while
at the norml temperature the reaction yielded phenyldinitromethane as the main
product. It is well known that in prior cases of a similar type entirely
different behavior was cbserved,
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It was soon established that phenylnitromethane, again contrary to customary
i.zas, does not appear as an intermediate product in the formation of the geminal e 2

dinitro derivative since, under the conditions leeding to formation of the latter,
or even more rigorous conditions » phenylnitromethane has not been found to change
and only to the most insignificant degree was converted to benzoic acid. Thus,

1t would seem that the most obvious assumption in regard to the formation of the
dinitro compound from the mononitro derivative must be rejected.

%
k

All of these apparently unexpected phenomena could be explained from the
point of view of the theory of nitration of the paraffin chain developed by
the author of this article. It was recognized that the source for the formation
of geminal dinitro compounds were nitroso compounds formed as a result of the
collision of a radical with nitric oxide, which is always present in the sphere
of the reaction (see page 17):

CgHsCHp-H H’;g?, CeHsCly" MO cctiscny-tzo (18)
~iiv2

It is known that primary and secondary nitroso compounds isomerize into
oximes very easily:

CH5CHp-N=0 —sCgHsCH=NOH, (79)

R
~
and oximes of the type /C-NOH react with nitrogen dioxide very rapidly even in

Ar

very dilute solutions and at temperatures below 0° to form dinitro compounds
CeHsCHeNoR 02y, CoHoCH(NO, ). (80)

According to experiment and in agreement with this mechenism the formation
of geminal dinitro compounds takes place without passing through the inter-
mediate stage of mononitro derivatives. Bearing in mind that from the point
of view of the theory developed by the author, the ratio of ylelds of the alnitro
and mononitro derjvatives depends on the number of collisions between the formed
radical and nitric oxide or nitrogen dioxide, respectively,

102, cglig-Clp-N0, (CgHsCHp-0NO) (81)

[0
06H5CH3 W CgHsCHy
WO " CgHg-CHp-NO  CgHsCH=NOH  CgHsCH(NO ) {82)

it is easy to understand the apparently paradoxical influence of reaction

conditions on this ratio. Thus, for example, the decrease in the yield of the

dinitro compound when the concentration of nitrogen dioxide or nitric acid is

lowered, is explained by s drop in the concentration of NO and an increase in

the concentration of MOs. A similar effect due to an inc~ease in temperature is
analogously explained by a great decrease in solubility of nitric oxide and a

sharp increase in the degree of dissociation of NoO into HOo molecules, which ,
again leads to an increase in the ratios :

10 g _CGHSCHENOZ .

N0 CEHsCH(N0p )o
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A deciding factor for establishing the validity of the assumed mechanism
of formation of geminate dinitro compounds were the results of experiments on
nitration in the absence of nitric oxide. In agreement with theory, the inter-
action of toluene with nitrogen dioxide in the absence of nitric oxide led to an
increased amount of the mononitro derivative and of other reaction products with
the exception of phenyldinitromethane, which did not form at all under these
conditions. Removal of nitric oxide from the sphere of the reaction in these
experiments was achieved by saturating the reaction mixture with oxygen through-
ont the entire nitration process.

In the formation of & nitroso compound and therefore of & geminal dinitro
compound, NO, and NO play an active role, but not No0y, N;0; or HNOp, &8 one could
have assumed if the formation of nitro compounds followed the scheme

C $H5CHg + 0=N-0-N=0 —+CHsCHp-HO0 + HNOp (83)
or

C¢HsCH + HO-N-0—»CgHSCHy-NO + Hy0. (8)
This is prove¢ by the fact that when the concentration of nitric oxide and
therefore also of NiO3 and HNOp has increased, the absolute yield of dinitro
compound decreases ai‘ger reaching a maximum, even though its relative quantity
in the reaction products continues to grow. Reduction of the absolute vield
of geminal dinitro compounds upon saturation with nitric oxide is *ncompatible
¥i+h the Pormation of nitreso derivatives according to equations (83) and
(84) since the concentration of N,03 and HNO, must reach a maximu.. uuder the
circumstances. According to the &utaor's theory, saturation with NO shifts
the equilibrium NOp + NOg2No0; to the right, bringing about a drop in the
concentration of NO2 and theregore also & decrease in the rate of formation
of radicals and in the yield of all components of the reaction product in-
cluding dinitro compounds, When this happens, the probability of collisions
tetween redicals being formed in a smaller quantity and NO continues to grow
steadily, resulting in a slight increase in the relative yield of geminal
dinitro compounds. In accordance with the theory, saturation of the reaction
mixture with oxygen eliminstes nitric oxide and thus sharply increases the
general rate of nitration (see also page 16).

The results of the above-stated investigation can be taken as proof that
theory of nitration of the paraffin chain 1is correct on the whole. These
results vere used to work out & method ot preparing phenyldinitre. sthane directly
from toluene and oxides of nitrogen in a yield amounting to 50% oy the total
amount of reaction products. This method was successfully employed for obtaining
alpha, alpha-dinitro derivatives from meta and ortho-xylenes, mesitylene 5§7 B
diphenylmethane /37/, ethyl benzene, and tetralin /59]. 1t developed that 1t
was also possible to obtain geminal dinitro compounds in satisfactory yield by
reacting concentrated nitric acid with hydrocarbous under appropriate conditions
at an ordinary tempersture /30/. The author is confident that under the guidance
of the theory it is possible to achieve further increases in the yields of
geminal dinitro compounds 5_9_7 .

We shall consider briefly the other directions of the chemical transforma-
tions of nitroso compounds under the conditions of nitration.

The principal product of conversion of tertiary nitroso compounds in all
cases of nitration of paraffin chiins must be the corresponding nitro deriva-

tives /597

0
~ Y,
RG-TiaG N2y goo-N] ——> RyC-H0 + NO (85)
oo
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This circumstance serves to explain the great facility of nitration at the
tertiary carbon which has already been noted by Konovalov. It is possible
that some primary and secondary nitroso compounds are also transformed under
the right ccnditions in this manner, Primary and secondary nitroso compounds
can easily change into geminate dinitro and trinitro compounds, nitrolic acids
and. pseudonitrols through isomerization into oximes ; they can also undergo a
Beckman rearrangement and hydrolysis, thus being converted into nitriles , ete.
The possible irmediate transformations of the formed nitroso compounds in the
sphere of the nitration can be expressed by the following scheme:

(Gemine.l dinitro compounds
Geminal trinitro compounds
Pseudonitrols

+ Nitrolic Acids
R2CH-NO- ~»R2C=NOH-——p | Nitrile oxides

NGo, 02 Isocyanates
RoCH-NO, Furoxanes
Nitroimines
Nitriles

Aldehydes, ketones
N-alkylamines
Carboxylic acids, etc,

The presence of geminal dinitro and trinitro compounds in the reaction prod-
ucts was proved in our work, while furoxane was discovered earlier by Gabriel /B6/.
The presence of nitrolic acids is probably responsible for the appearance of a
reddish brown color in the first alkaline extraction from the nitration product
obtained from & substance such es pentene /35/. Nitroso compounds of the type

;CI{NO are converted almost entirely to dinitro compounds during nitration in
R
solution. In this respect they differ favorably from nitroso derivatives of the
type RoCHNO. For this reason and also because of the high activity of hydrogen
on the alpha-atom, aryl paraffins are the most suitable object for investigating

the role of the formation of nitroso compounds in the nitration of the paraffin
chain.

Under ordinary conditions of nitration in the liquid phase at an elevated
temperature, the formation of nitroso compounds will not play a big part, as
seen from the investigation. Formation of these compounds can be very significant
in nitrations by Konovalov's method in those cases where the pressure of the
nitric oxide reaches a very high magnitude or the nitration takes place under
specially selected conditions. The significance of the formation of nitroso
compounds during nitration in the gaseous phase has not as yet been experimentally
investigated; at high temperatures it is necessary to take into consideration
the equilibrium

R3CN02R30- + No. (86)

Formation of Products of Oxidation, Dehydrogenation, and Destruction of the
Paraffin Chain 0/

Oxidation is one of the principal reactions in the nitration of the paraffin
chain. In some cases it is the -nly reaction. fThe formation of the products of
the destruction of the paraffin chain, discovered by Konovalov and Nametkin,
plays an especially important part in vapor phase nitration at high t-mperatures.
There are sufficient reasons to assume that the chief source for the formation
of the products of oxidation and destruction during nitration of the paraffin
chain is the alkyl nitrites formed by the interaction of raficals with NOo and
Na()h_:
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Y92 L R-0NO (and R-NO,) (87)
2
R-H + No, 55 ® < :
2 N0, R-0NO (and R-0-N0,) (88)

According to the author's data, the reaction of the radicels with NO, at 100°
glves~40% of alkyl nitrite amnd

60% of the nitro compound, and the reaction
with N0y, ~- oxidation products exclusively.

At an apprecisble conce
especlally introduced, or
tion of NO, and HNO
with the formation

ntration of oxygen, as for instance when it has been

g) s the formation of oxidation products can also commence
T peroxides

R-+ 0,—»R-0-0.

The alkyl nitrite that ig formed during the nitration in the liquid phase

m:;mt quickly enter the equilibrium reactions of hydrolysis, re-esterification,
etc.:
RONOp | -+ HaOlg=*olefins and HNO
Hy0 Zhcook = 3
R-ONO ——R-0F £ ” ROCOR'| E 0] (89)
~-HNO, *

"% R-0-R| + Hy0l

These processes will Lei
esters of organic acids
ether and olefins.

ng about the formation of alcohol, alkyl nitrate,
rresent in the sphere of the reaction, as well as of

By creating favorable conditions for the formation and conservation of
alcohols and their derivatives » the author was not only able to prove the
prediction by the theory of the presence of these compounds in the reaction
mixture, but was also able to prepare them in significant quantities [397
With this aim, the reaction was often carried out at a normal temperature and
alvays with a very large excess of hydrocarbon. Introduction of oxygen and use
of sultable dehydrating agents also aided in raising the yleld of primary
products of oxidation, due to the increased degree of esterification of alcohols
achieved in this mannper, Alkyl nitrates R-0NO5 vere found to be especially
steble in many cases. This stability is due to & considerable increase in

the positive charge of the R group, which makes it stable to the action of
oxldizing agents.

The formation of an alcohol and of its derivatives during nitration of
the paraffir chain was studied very carefully in the case of the reaction
with toluene. A 2% solution of nitrogen dioxide in the hydrocarbon at a normal
temperature was saturated with oxygen at room temperatures. After b days, a yield
of benzyl alcohol and its esters exceeding 40% of the sum of the reaction
products was obtained from this mixture In some experiments the yield of
the benzyl nitrate alone exceeded 30% o. the theoretical. The composition
of the other reaction products for the experiment using 40 g of Ngoh and 2
liters of toluene saturated with oxygen is given in Table 3.

Due to the significant role of the reactions of N;0, and Oy with the radicals
under these conditions, the total yield of oxidation products in experiments

of this type exceeded 60%. Saturation with oxygen increased the rate of the
reaction (see p 16).

Nitration at an elevated temperature rnaturally gave less oxidation products,
since the radicals reacted almost exclusively with N02. Moreover, a consider~
able part of the alcohols and esters was converted info &clds, as can be seen,
for instance, from the composition of the preducts of the nitration of toluene
at 100° (Table ).
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The author has also demonstrated that there is formation of alcohols, alkyl
nitrites, and nitrates, as well as of other esters in the nitratior of m-xylene
387, of diphenylmethane [3T], of ethyl benzene, of cyclohexane /80/, of n-pentane
30/ and of other hydrocarbons. The investigation was carried out under varied
conditions of nitration of the paraffin chain » including nitration by the method
of Konovalov 11 sealed tubes with the use of dilute nitric acid. The simplest
method of determination of nitrates formed during the nitration of aryl paraffins,

vwas by reacting them with diethyl amine under formation of the corresponding
tertiary amines, which are easily identified:

{CgHg)oCHONO, + NE(Col5)s = (Clg )oCH-N(CoH5 ), + [Mp(Cats)p/og  (90)
Even in the products of th
hydryl nitrate, benzhydrol

e nitration of diphenylmethane , the presence of benz-
and dibenzhydryl ester was proved 37/.

The question of the dif
aldehydes, ketones,
the paraffin chdin

ferent ways of formation of oxidation products --
and especially carboxylic acids -- during nitration of
attracted the special attention of M. I. Konovalov and
S. §. Nametkin. Discovery of the formation of alcohols, alkyl nitrites, and
other esters permitted the explanation of the inherent mechanism of these
reactions. Undoubtedly, carbonyl compounds and acids form principally by
the way of conversion of alcohols and alkyl nitrites, and through them of the
more stable esters. This conclusion is proved by the fact that under mild
conditions of nitration the reaction product consists almost exclusively of
alcohols and esters, while under more rigid conditions the yield of acids is
increased. This is also confirmed by the ease with which acids are obtained
from the primary product of the Teaction, when this reaction proceeds toward
oxidation, if the so-called residual oil containing alcohols and esters is

heated with nitric acid in the presence of nitrogen dioxide. The stable nitro
compounds do not change under these conditions.

From the accepted mechanism for the formation of oxidation products, it
follows that as long as the degree of probability of the formation of alkyl
nitrite and nitrate in the process of the conversion of radicals remains constant,
the sum of the relative amounts of neutral oxidation products {the so-called
residusl oil) and acids must be equal to this probability and therefore also
remain constant. This must have been the case if radical reacted exclusively
with NO5 at the same temperature. In keeping with this co. ‘ition, during the
nitration of the paraffin clain of toluene at 100° the sum of the yields of
residual oil and benzoic acid was found to remsin equal to~ 5% of the
theoretical, although the yield of benzolc acid fluctuated between 20 and
426, depending on the conditions of the reaction [e¢].

In earlier methods of nitration, alcohols and esters were transformed
into acids almost completely. In accordance to Konovalov's principle on the pre-
dominance of the formation of 2-nitro alkanes during the nitration of
n-paraffins, there must also be formed 2-alkyl nitrite, which must then be
converted into alkanone-2 and finally into acetic acid and an acid of normel
structure containing two less carbon atoms than the original hydrocarbon.
This conclusion is supported by the results of Granacher's work on the oxidation
of n-undecane with nitrogen dioxide [:_2'27 The theoretical conclusion that
the composition of the mixture of dibasic acids obtained from the oxidation
of cyclohexanol with nitric acid is similar to the one obtained from the
nitration of cyclohexasne by Nametkin's method /687 is justified, since in the
latter case, according to the theory, these acids also form through a stage
of the oxidation of cyclohexanol:
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CgHyom>CeH) y : —¥CgH, ; 0NO g-éogCGHllOH —>%adipic and other aclds

3
CgH,1M0p c Che Glo b3
HONO HC, CH HaC CHNO, HpC NO, 3
Nop :
. — > LA ]
CglyyNO C6H11ONOy  Hy CH CHNO, Hy cx (o1 N
:
Oxime —conversic.. products CHy CHp CHy ’

These conceptions in regard o the mechanism for the formation of oxidation products
during nitration of cyclohexsne were utilized in working out a method for obteiring
adipic ecid from cyclohexane /83/.

If all possible conversions of the alkyl nitrites and nitrates formed
during nitration in the liquid phase are considered, it is also possible to
foresee the formation of lower geminal dinitro compounds, nitriles, hydrocyanic
acid, hydroxyacids, olefins end their conversion products, etc.

Knowledge to the effect that intermediate formaticn of alkyl nitrites takes
place permitted us to outline a plausible mechanism for the formation of nitro
compounds with a smaller number of atoms than the original hydrocarbon as a
result of high temperature nitration in the gas phase /[35]. This could have been
demonstrated by the analysis of the nitration of iscbutane at 420° as an example.
In this case, along with primary and tertiary nitroisobutanc, isobutyl nitrites
mst be formed in the same ratio and be present in a form rich in energy:

R-NO3
R* 4 N0,

> R-om*

Primary isobutyl nitrite, exposed to pyrolysis, must lead to the formation
of the isopropyl free radical, according to Rice /69/:

(CH3)5CH~CH,ONO '%’(cn3)203-c320.—>(033)gcn- -+ CHp0, (92)
The combination of this radical with NO, will yield 2-nitropropane and isopropyl
nitrite:
Cl3-CHNO~CHy (93)
(CH3),CH* + NOZ
CH3~CH(ONO)-CH3 (94)

It can be shown analogously that the pyrolysis of tertiary isobutyl nitrite
and isopropyl nitrite will lead to the formetion of nitromethane and acetone.
For example,

CH CH
/ v
(cH5)5C_ NO——m—*(cx3)2c\0—-—>(CH3)Qco + CH3+; CH3- -+ NOp—#CH3NO5 (95}
0 .

In agreement with the theory, high temperature nitration of isobutane
ylelded 65% of primary and 7% of tertiary nitroisobutane, 20% of 2-nitropropane,
3% of nitromethane, and 5% of acetone /70/. A similar agreement of theoretical
conclusions with experimental date was established in other cases.

It should be noted that the first one to notice destruction of the carbon
skeleton during nitration was Konovalov; he discovered the formation of aceto-
phenone during the nitration of isopropyl benzene [717.
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Another possible way for the formation of lower nitro paraffins and other
products of destruction 1s conversion of olefins arising from alcohols and alkyl
nitrates under nitrating conditions; experimental data on this direction of the
reaction axe still lacking in the 1iterature. The reaction with olefins must
also lead to the formation of vicinal dinitro alkanes and nitro olefins, as
shown in the scheme below:

NO N
RAC=CHR —BRC -cmz—gbnec -cm-—mac=<':-ﬁ (96)
X0, 02N Nop NO2

The possibility of the formation of lower nitro compounds by the way of
fission of a C-C bond wus pointed out earlier:

R3C-CR3 + NOp—R4C-NOp —+R3C. (97)

However, reliable evidence for the actual occurrence of this reaction during
nitration is still lacking, if one does not count the splitting of the C-C bond
in the dinitrile of tetraphenylsuccinic acid (p 14). The absence or only in-
significant occurrence of a similar fission in the chlorination of paraffins

at temperatures even as high as 600° .

R3C-CR3 -+ C1- —+R4C-CL + RyC+ (98)

also leads us to the conclusion that this type of conversion does not have a
reasonable chance to occur. It 1s probably precluded by spatial hindrances.
This type of fission of the C-C bond takes place readily only in reactions
vith atomic hydrogen due to the small dimensions of the latter /72/.

The problem of the catalytic action of nitrogen dioxide on the oxidation
reactions of hydrogen, carbon monoxide, and paraffins with oxygen, is closely
related to the problem of the formation of oxidation products. It is well
known that small additions of nitrogen dioxide to mixiures of a paraffin and
oxygen lower the temperature of ignition by 100-200°. After the amount of NOp
has been increased, this effect reaches a maximum beyond which there is no ex-
plosion and only & slow stationary reaction takes place. We clarified these
phenomena a8 follows in 1941 - 1946 from the viewpoint developed above [B0/.
Nitrogen dioxide after an effective collision with hydrocarbon forms a radical
which at a very high ratio of OQ/NOQ, initiates a chain reaction between the
paraffin and oxygen consisting of the following links:

R-H + NOp ————>R:; R+ 02—»R-0-0- (99)
-HNO5
and
R-0-0- <+ H-R—»R-0-0-H + R-. (100)

Along with initiating the oxidation reaction, the NOy molecules, coubining
with radicals, rupture oxidation chains and shorten them. When the concentration
of nitrogen dioxide is increased, the NOo will completely prevent formation of
oxidation cheins and the reaction will not be much different from stationary
nitration. The concepts Just stated can also be used to solve other questions
concerning the use of oxides of nitrogen as accelerators of the oxidation with
oxygen. Apparently unaware of our work, Voyevodskiy and Kondrat'yev quite
recently proposed an analogous theory for the action of NOy in the oxidation of

paraffins with oxygen /73/.

Aside from the principal way of obtaining oxidation products discussed, i.e.,
by the nitration of the paraffin chain cthrough the stage of the formation of
alkyl nitrites or of peroxides of the type R-0-0-, the formation of oxidation
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products is also possible by way of the conversion of nitroso compounds /7U7 and
nitro derivatives /597. However, as a rule these two ways of conversion do not
play a significant role. Nitroso compounds are converted into oxidation products
through the oxime isomerization stage and further transformation of the latter
into aldehydes, ketones, geminal di- and trinitro compounds etc., as described
-above in some detail., Mononitro derivatives , which are very stable anyway, can

convert tr carbonyl compounds and acids due to the action of the hydrogen ion only
under very rigorous conditions.

In conclusinn, vwe submit a scheme expressing the theory for the nitration
of the paraffin chain +*n the most general form.

geminal dinitro alkanes
genminal trirdtro alkar~.s
pseudonitroles
#&R-Not—,oximes » Jnitrolic acids
nitrile oxides
furoxanes, nitrimines
o R-NOp nitriles, N-alkyl anines
aldehyues, ketones, etc.

lower
aldehydes and
Letones
R-i _NO2 g NO2, W20k, g grg (101)
lower lower nitro
radicals T > alkznes ., aldehydes,
et:.
" —
R-0-0 1 HONOp R-OH&*R-0-R
H aldehydes, » [lover
ketones gerinal
dinitro
W05 —»R-0NO. acids alkarnes,
nitriles,
v No0y etc.
products clefins esters

of oxidation
and destruction

A

dinitro alkanes,
nitro olefins,
lower nitro alkanes, {
etc.

th% research conducted revealed the complexity and multifariousness of the
chemical constituents of the nitration of the paraffir chain, and demonstrated
how varied the courses of this reaction and how numerous its reaction products
can be. It also demonstrated how important it is %o undesstand the reaction
mechanism in order to control all of its aspects and to uncover new chemical
phenomena. Undoubtedly, future investigation will reveal many unknouwn aspects
of this reaction and explain interesting details of its directions and stages,
especially of those which were only touched on in our review. The aims and ways
.» Tor future investigation of the nitration of the parnffin chain <e now clear
" and this is the main task which could have been accomplished by theory.
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When tpis article had already been prepared for printing, several other works
were published vhich broaden the experimental foundation for the theory of the
nitration of the paraffin chain nd extend this theory's range of usefulness.

In the author's work together with Shchitov, the reaction between n-paraffins
or cycloparaffins and nitric acid anhydride was investigated ﬁ_5_7 It vas
found that this reaction proceeds at a satisfactory rate even at 0° in on inert
golvent; if the reagents are merely mixed, they react rapidly under evaluation

of heat. The proposed mechanism for the beginning stage of this new nitration
reaction

Hp0532 W03+ + 1105 (102)
and
R-fl - 0NO,—»R- + HONO, (103)

is proved by the discovery »f the inhibiting action of NOp; addition of the
latter, shifting the equilibrium of (102) <o the lcft, lowered the concentration
of active NO,. In agreement with tue .ueory, 8t lov temperature the newly formed
alkyl radical reacted for the most part to form alkyl nitrate-2, due to the

low -concentration of HO,*

HNO NAC
- 3 2 .
n 0631,‘_76?2-061{13. __ITOZZ,Q-CG}{BO;IO: (104)

At a higher temperature, the role of the combination of the radical with NOp to
form a 2-nitro alkane predominated.

Thus, the assumption concerning the role of [i03 in 2 number of nitrations
(see p 15), is upheld by experiment.

In work done together with Rusanov /767 it was demonstrated that alkyl
mercury compounds RHgR and RHgX remct with NOp to form the radical

NO2
RHgR—R- + RHzNOp (105)

Further transformations of the radical sphere of the reaction took place according
to the theory. The reaction of RoHg as well as of Cgg-CHoligCl proceeded
energetically even in solvents at.low temperatures because of the case of the
fission of the bond -t fh'gX with the formation of readicnls, especially in the

case where R = C¢HsCHp. This circumstance permits the use of alkyl mercury
compounds as convenient models for studying nitration of the peraffin chain

under varied conditions which are otherwise difficult to bring about, or cannot

be brought about at all. In this work it was proved that alkyl nitrites form
during the nitration of dibutyl mercury and Aiphenyl furoxan in the reaction

of NQE with benzyl mercuric chloride.

In work carried out together with Smirnov [:(-17, the reasons for the 4
paradoxical changes in the rate of nitration of paraffin chain: .u the
following series were explained:

CgHsCHy, CgHsCHaNO, CelisCH(NOa) 2 (106)

While the nitration of phenylnitromethane
+8
H

C 6}.[ CH s

S
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practically does not occur because of the strong electron-attracting effect of
N0z, phenylinitromethane reacts rapidly with nitric acid in the presence of
nitrogen dioxide -- even more rapidly than with toluene. It has been demonstrated
that the high activity of phenyldinitromethane is based on its ionization with

the formation of the phenyldinitromethanate-anion

5 ¥
CeH5-G2N
> No2*o
-8
possessing an electron-donating, coordination-unsaturated carbon atom (c):

-8 ~, 18 -NO
[CelsC(NOg)o/ + ‘NOE—.CéHSC(NOZ)2—I{:O'——i"*C6H5-C(NOQ)2 (107)
h -HOZ

Thus, in the series (106) the first member is niirated by a radical mechanism,
the last by an ionic mechinism, while the second mewber reacts with difficulty
by either of these two mechanisms.

We will note that in this investigation nitration with nitrogen dioxide in
an alkaline medium was achieved for the first time, as well as the nitration of
metal derivatives of nitro and dinitro compounds.

In work dore together with Matveyeva /78/, investigation was carried out on
a pumber of questions concerning the nitration theory by using as an example the
reaction with cyclohexane. The authors (Titov and Matveyeva) demonstrated the
formation in this reaction of cyclohexyl nitrite and of its immediate transforma-
tion products -- nitrate, adipinate, and cyclohexanol -- and with this they
definitively clarified the mechanism of the fcrmation of adipic acid in the
nitration of cyclohexane (see p 28). Guided by the tleory, researchers were
able to establish the great role of the diffusion of N0, NO2, and HNO, in the
rate and direction of nitration with :itric acid. For example it was”shown that
the total yield of nitration products from Konovalov's method under use of
horizontally placed tubes was two to three times sreater than when using the
yield obtained when vertically placed tubes were used and the yield of adipic
acid was even five times greater. The diffusion effect wes not taken into
account by previous investigators. In fuct explicit indications that the
nitration was conducted in vertically placed tubes were encountered in the
literature.

[Kppended tables and bibliography follow _7

Table 1. HNitretion of Toluene

Amount of Product in Hle, %

Reacted Reacted
Product KOp HNO3
Pnenylnitromethane 52.5 55.2
Phenyldinitromethane 2.7 3.7
Benzoic acid 11.2 11.9
Residual oil 33.6 29.2
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Table 2. Activation Energies of Nitration

! Nitration

Ve . Rate Activation

' AE Constant Znergy E
Bydrocarbon (kcal) k' (kecal)
‘C_Hi - - 48
?_Hé-& 2.0 - 46
CH3 -CHp-CHy 3.0 - bs

CHg-CHp~CH3 k.0 - Iy
CH3-CHp-CHCHy 3.5 1 L5
CH3-CHy-CHp~CH3 5.0 6 b3
(CH3)5CH 3.5 1 L5
(cH3)50H 8.0 2.108 B
CgHs-Clly 15.0 5-10° 33

N (CgHs)aCHp 26.0 1-1013 22
(cg5)5CH 38.0 1-10%0 10

Table 3. Products Formed in the Nitration
of Toluene at Room Temperature
Under Saturation With Oxygen

T Yield
TR Reaction Products G
s ' ‘ Phenylnitromethare 1.7 11.2
: Benzyl alcohcl and its
esters 29.6 k3.2
Benzaldehyde 7.5 14,2
'.‘_'.‘ Benzoic acid 2.7 b4
. Nitrotoluere 0.4 13.6
Nitrocresol 2.2 2.2
Other products substituted
in the CH3 group T.7 11.2
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Table 4, Products Formed in the Nitration of Tolucne at 10G°

Reaction Products % Reaction Products yd

Phenylnitromethane 52.5 Benzoic acid 11.2

Phenyldinitromethane 2.7 Other products substi-

A tuted in the CH3 group 2.k
_ Benzyl nitrite 6.4
o-Nitrotoluene 1
Benzyl alcohol 7.1
p-Nitrotoluene 1
Benzyl nitrate 1.8 s
Loss dus to separation 10
: Benzaldehyde 2.4
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